Background: Islet transplantation is a promising treatment for type-1 diabetes; however, donor shortage is a concern. Even when a pancreas is available, low islet yield limits the success of transplantation. Islet culture enables pooling of multiple lowyield isolations into an effective islet mass, but isolated islets rapidly deteriorate under conventional culture conditions. Oxygen (O 2 ) depletion in the islet core, which leads to central necrosis and volume loss, is one of the major reasons for this deterioration. Methods. To promote long-term culture of human islets in PIM-R medium (used for islet research), we adjusted temperature (12°C, 22°C, and 37°C) and O 2 concentration (21% and 50%). We simulated the O 2 distribution in islets based on islet O 2 consumption rate and dissolved O 2 in the medium. We determined the optimal conditions for O 2 distribution and volume maintenance in a 2-week culture and assessed viability and insulin secretion compared to noncultured islets. In vivo islet engraftment was assessed by transplantation into diabetic nonobese diabetic-severe combined immunodeficiency mouse kidneys. We validated our results using CMRL 1066 medium (used for clinical islet transplantation). Results. Simulation revealed that 12°C of 50% O 2 PIM-R culture supplied O 2 effectively into the islet core. This condition maintained islet volume at greater than 90% for 2 weeks. There were no significant differences in viability and function in vitro or diabetic reversal rate in vivo between 2-week cultured and noncultured islets. Similar results were obtained using CMRL 1066. Conclusions. By optimizing temperature and O 2 concentration, we cultured human islets for 2 weeks with minimal loss of volume and function.
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(Transplantation 2019;103: 299-306) P ancreatic islet transplantation is an effective treatment for type 1 diabetes that can eliminate insulin injections and hypoglycemic episodes. 1, 2 However, donor shortages and low islet yield from a single-donor pancreas hinder the utility of islet transplantation. Long-term storage, such as "islet banking," may help to overcome these challenges. However, cryopreservation, a standard long-term storage method for cells, is not practical for islets due to a low recovery rate. [3] [4] [5] Low temperature storage (4°C) has been attempted for organs/ islets using cold preservation in intracellular-like solution (low Na + , high K + ) 6 ; however, rewarming injury due to drastic microenvironmental changes (in electrolyte balance and temperature, for example) is problematic. [7] [8] [9] [10] Long-term culture of functional islets without volume loss has been a big challenge; isolated islets rapidly deteriorate with extensive volume loss under conventional culture conditions in a week (37°C with 21% oxygen [O 2 ] supplementation), largely due to central necrosis induced by hypoxia. 11, 12 A hypoxic core is caused by the imbalance of O 2 supply and consumption, especially in the large islets. Islets are metabolically active, 13 consuming O 2 , which further reduces O 2 in the microenvironment. Hyperoxic (50% O 2 ) culture conditions at 37°C reduced volume loss and improved islet function; however, the O 2 gradient remained and half of the islet volume was lost in a week. 12 In theory, suppression of cell metabolism should reduce the O 2 gradient in the islets, ameliorating O 2 depletion in the core to achieve relatively uniform O 2 distribution.
In this study, we controlled temperature and O 2 concentration to establish a long-term culture protocol for human islets. This novel method of long-term islet culture combines "moderately low" temperature and hyperoxic culture conditions to minimize loss of islet volume and function using standard extracellular-like (high Na + , low K + ) culture media.
MATERIALS AND METHODS

Human Islet Preparation and Culture
Human islets were provided by the Southern California Islet Cell Resources (SC-ICR) Center. After isolation, islets were cultured in PIM-R culture medium (PRODO Laboratories, Aliso Viejo, CA) at 37°C at least overnight for recovery before the following experiments. Highly pure fractions of isolated islets were obtained for this study (average purity, 78.6%; range, 65-95%). We cultured the islets at 4°C to 37°C with 21% or 50% O 2 using Modular Incubator Chambers (BillupsRothenberg, San Diego, CA), as described previously. 3, 12, 14 Islet equivalent (IEQ) measurements were used for standardized islet counting. 15 Isolated islets were cultured on cell culture inserts (Millipore, Billerica, MA) in 24-well plates (150 IEQ/well) for in vitro experiments and in 6-well plates for in vivo transplantations (500 IEQ/well). Islets were cultured in PIM-R culture medium-used for human islet culture by the Integrated Islet Distribution Program-supplemented with 5% human serum and 10 μg/mL ciprofloxacin hydrochloride (Thermo Fisher Scientific, Waltham, MA) or CMRL 1066 culture medium (Corning Life Sciences, Corning, NY)-used for human islet culture in City of Hope Clinical Islet Transplant Program-supplemented with 0.5% human serum albumin, 0.1 μg/mL insulin-like growth factor-1 (Cell Sciences, Newburyport MA), and 10 U/mL heparin sodium (Sagent Pharmaceuticals, Schaumburg, IL). The culture medium, preequilibrated for 24 hours to specific temperature and O 2 conditions, was replaced weekly. Before in vitro viability and function assays and in vivo transplantation of long-term cultured samples, islets were rewarmed stepwise to 37°C after the replacement of culture media (PIM-R or CMRL 1066): islets cultured at 12°C were placed at 22°C for 8 hours followed by incubation at 37°C for 16 hours, and islets cultured at 22°C were incubated at 37°C for 16 hours. The process of rewarming was performed under the same O 2 conditions of the islet culture. A total of 20 different isolation batches (referred to herein as "isolations") were used for the following experiments (4-7 isolations per experiment). Each batch was tested under all combinatorial temperature and oxygenation conditions when appropriate to minimize batch-to-batch effects.
Islet Volume
Islet volume was assessed by calculating islet area using bright field photomicrographs (IX50; Olympus, Tokyo, Japan), as described. 3, 12 Briefly, photomicrographs were taken and analyzed by cellSens imaging software (version 1.12; Olympus), and islet volume was expressed as a value relative to islet volume on day 0. A total of 18 wells per experimental condition from 6 different islet isolations was analyzed for the experiments using PIM-R medium, and 20 wells per experimental condition from 4 different islet isolations were analyzed for the experiments using CMRL medium.
Intracellular Potassium
Islets (1200 IEQ) were cultured in PIM-R culture medium for 48 hours, collected, and exposed to 5 freeze-thaw cycles in liquid nitrogen and a 37°C water bath. Samples were centrifuged at 15000 Â g for 10 min to retrieve the supernatant. Potassium (K + ) was measured using a potassium assay kit (Diazyme Laboratories, Poway, CA). K + under various temperature conditions was expressed as a value relative to that at 37°C. Five independent experiments were performed using 5 different islet isolations.
Basal O 2 Consumption Rate
Basal O 2 consumption rate (OCR) of islets cultured in PIM-R culture medium under various conditions for 48 hours was measured as described previously. 12 Briefly, basal OCR of 150 IEQ was the average of 3 consecutive measurements using the Seahorse XF e 24 Analyzer (Agilent, Santa Clara, CA). Ten independent experiments were conducted using 5 different islet isolations.
Dissolved O 2
Dissolved O 2 (DO) was measured by placing an O 2 microsensor (Unisense, Aarhus, Denmark) at the bottom of wells containing islets cultured in PIM-R medium for 48 hours under various temperature and O 2 conditions. 3, 12 Twelve individual measurements were analyzed from 4 different islet isolations.
Computational Simulation of O 2 Distribution Inside Islets
Finite-element simulation of DO inside islets was performed using COMSOL 5.0 (COMSOL, Los Angeles, CA). 11, 12 Because O 2 supply and consumption are the major parameters determining the O 2 level inside islets, DO in the culture medium (O 2 supply) and OCR by islets (O 2 consumption), measured under various temperatures and O 2 concentrations in this study, were used for the simulation. Michaelis-Menten kinetics, which approximate cellular metabolism, were utilized for the O 2 uptake rate model. O 2 uptake rate was evaluated on a per-volume basis. The environmental O 2 tension, that is, DO in the culture medium, was fixed at the islet periphery. Other parameters required for the simulation, including diffusivity and solubility of O 2 in islets and the Michaelis O 2 constant, were used as previously described. [16] [17] [18] Viability Assay
Islet viability was analyzed using fluorescein diacetate (FDA) and propidium iodide (PI) by a semi-automated method, as previously described. 12, 19 Overall viability was calculated using the total area of FDA/PI staining of more than 50 islets prepared from a single donor. Experiments were repeated using islets from 5 different donors.
Islet Function Assay
Glucose-stimulated insulin secretion (GSIS) assay was performed during static incubation using cultured islets to determine the stimulation index, 20 the ratio of insulin secretion in high glucose solution to that in low glucose solution. Islets (150 IEQ) were placed in a cell insert in a 24-well plate and incubated for 1 hour in 1 mL of Krebs-Ringer buffer solution containing 2.8 mM glucose, followed by buffer containing 28 mM glucose. The buffer was collected after each incubation to measure the insulin concentration (Insulin ELISA kit, Mercodia, Uppsala, Sweden). Experiments were repeated using islets from 6 different islet isolations.
In Vivo Islet Transplantation
Streptozotocin-induced diabetic nonobese diabetic-severe combined immunodeficiency (NOD-SCID) mice (Charles River Laboratories, Wilmington, MA) were used as recipients for islet transplantations under the renal capsule (1200 IEQ), as previously described. 21 Nonfasting blood glucose levels were measured twice weekly for 6 weeks between 11 am and 1 pm. 22 Diabetes was confirmed by measuring blood glucose levels >400 mg/dL in 2 consecutive measurements. Reversal of diabetes was defined as blood glucose below 200 mg/dL for more than 10 days. Reversal rate was assessed using a cumulative curve of diabetes reversal. 23 A total of 16 transplantations were performed using islets cultured in PIM-R medium (8 for control and 8 for long-term culture, from 7 different islet isolations), and 19 transplantations were performed using CMRL medium (10 for control and 9 for long-term culture, from 5 different islet isolations). Mice were observed for >5 weeks after transplantation. For the mice in which diabetes was reversed, kidneys with transplanted grafts were resected to confirm the increase of blood glucose without functional islet grafts (blood glucose data after resections is not shown in the figures). The use of animals and animal procedures in this study was approved by the City of Hope/Beckman Research Institute Institutional Animal Care and Use Committee.
Histology
Kidneys containing islet grafts were resected, embedded, and stained for histological examination. Hematoxylin and eosin, Masson's trichrome (M-T), and immunohistochemistry (IHC) staining analyses were performed. Rabbit anti-von Willebrand factor (vWF; 1:200), guinea pig anti-insulin (1:1500), and rabbit anti-glucagon (1:200), all from Agilent Technologies (Santa Clara, CA), were used as primary antibodies. Images were captured using an IX50 fluorescence microscope (Olympus), and the percentage of antibody-positive/ transplanted area was measured using the cellSens imaging software (Olympus) (SDC, Materials and Methods, http:// links.lww.com/TP/B581).
Statistics
Data are reported as mean ± standard error of the mean. Distribution of the histology data was reported using boxplots. Statistical analysis was performed using JMP 9.0.0 (SAS Institute, Cary, NC). Statistical significance was determined using a Student's t-test, nonparametric Wilcoxon test, or log-rank test, depending on the data type and variance of the data. P value less than 0.05 was considered significant.
RESULTS
Islet Culture Is Attainable at 12°C to 37°C But Not at 4°C
Cell volume is regulated by ion channels in the cell membrane and is critical for cell survival. To determine the effect of temperature on cell volume, we measured the volume of islets cultured at 4°C, 12°C, 22°C, and 37°C (control) in extracellularlike PIM-R medium. Islets cultured at 4°C exhibited pathological swelling, with a 20% increase in volume over 48 hours; in contrast, islets cultured at 12°C, 22°C, or 37°C did not ( Figure S1A , SDC, http://links.lww.com/TP/B581). We also measured intracellular K + , which is the dominant intracellular ion and an indicator of ion channel function. 24, 25 Islets cultured at 4°C showed a significant decrease in K + , to less than 50% of K + levels in the 37°C control; in contrast, islets cultured at 12°C or 22°C maintained intracellular K + above 80% of K + levels in the 37°C control ( Figure S1B , SDC, http://links.lww.com/TP/B581). These observations suggest that ion channels in human islets remained functional and maintained cell volume at 12°C, 22°C, and 37°C, but not at 4°C. Therefore, human islet culture requires temperatures of 12°C or higher in extracellular-like culture media. To analyze the balance of O 2 supply and demand, we measured basal OCR of islets and DO in the media. We used cultured islets at 12°C, 22°C, and 37°C at 21% and 50% O 2 in PIM-R medium for 48 hours. Basal OCR increased with temperature (37°C > 22°C > 12°C), synergistically with O 2 concentration (50% O 2 > 21% O 2 ) at 22 and 37°C ( Figure 1A) . At 12°C, OCR was similarly suppressed in 21% and 50% O 2 . DO was inversely correlated with culture temperature (12°C > 22°C > 37°C, P < 0.05) and positively correlated with O 2 (50% O 2 > 21% O 2 , P < 0.05) ( Figure 1B) . Using these data, we simulated DO inside islets of various sizes (150, 300, and 400 μm in diameter, Figure 1C ). The cores of larger islets typically displayed greater hypoxia in 21% O 2 conditions. Culture in 50% O 2 conditions demonstrated higher DO in islets compared to that in 21% O 2 conditions; however, 37°C and 22°C still exhibited clear O 2 gradients in large islets. On the other hand, the combination of low temperature (12°C) and high O 2 (50%) provided relatively uniform O 2 distribution even in large islets.
To test the hypothesis that high, uniform O 2 distribution provided at a low temperature with a high O 2 concentration is optimal for islet maintenance, we cultured islets at 12°C, 22°C, and 37°C at 21% and 50% O 2 in PIM-R medium for 2 weeks and assessed islet structure and volume. Islets were degraded within 2 weeks under conventional culture conditions (37°C-21% O 2 ; Figure 1D ). Oxygenation (50% O 2 ) prevented islet aggregation more effectively than 21% O 2 at all temperatures. Islet volume analysis revealed that volume was negatively correlated with temperature (12°C > 22°C > 37°C) and positively correlated with O 2 (50% O 2 > 21% O 2 ), and was highest at 12°C-50% O 2 ( Figure 1E ). After 2 weeks, islets cultured at 12°C-50% O 2 were 91.7% of their volume on day 0, and islets cultured at 22°C-50% O 2 were 85% of their volume on day 0 (P < 0.05 between 12°C-50% O 2 and 22°C-50% O 2 ).
Long-term Cultured Islets Maintained Comparable Viability and Function to Noncultured Islets In Vitro and In Vivo
Having established 12°C-50% O 2 conditions as optimal for long-term (2 weeks) islet volume maintenance, we compared in vitro islet viability (FDA/PI staining) and function (GSIS) between noncultured control and long-term cultured islets. Representative viability assay results are shown in Figure 2A . The quantified data ( Figure 2B ) revealed no significant difference between noncultured and long-term cultured islets. In vitro insulin secretion ( Figure 2C ) and stimulation indices ( Figure 2D) were not significantly different between long-term cultured islets and noncultured islets.
To assess the ability of long-term cultured islets to function in vivo, we transplanted noncultured or long-term cultured islets under the kidney capsule of streptozotocin-diabetic NOD-SCID mice and assessed diabetes reversal. We measured a reversal rate of 75.0% (6/8) using both noncultured and long-term cultured islets ( Figure 2E ). There was no correlation between the reversal of diabetes and islet isolation batch; the islet batches that failed to reverse diabetes in long-term cultured islets did not correspond to those that failed in noncultured islets. Cumulative diabetes reversal rate curves were similar between groups (P = 0.99; Figure 2F ).
To demonstrate the engraftment, we histologically examined transplanted islet grafts. Hematoxylin and eosin and M-T staining showed minimal inflammation or fibrous tissue, and IHC for insulin, glucagon, and vWF demonstrated similar distributions in both noncultured and long-term cultured grafts ( Figure 2G ). Area analysis (percent of insulinpositive, glucagon-positive, or vWF-positive cells/transplant area) demonstrated no significant differences in the ratios of sustained beta cells, alpha cells, and endothelial cells between noncultured and long-term cultured grafts, although grafts that failed to reverse diabetes tended to have low insulin-positive area, high glucagon-positive area, and low vWF-positive area ( Figure 2H ). Collectively, engraftment of longterm cultured islets was similar to that of noncultured islets.
Validation of Long-term Culture Method in Clinical Transplantation Medium
To validate the results obtained using PIM-R, commonly used for islet research, we similarly cultured human islets in FIGURE 1. Islet structure and volume were well maintained for 2 weeks under low temperature (12°C) and 50% O 2 culture. Human islets were cultured at various temperatures (12°C, 22°C, or 37°C) with low (21%) or high (50%) O 2 availability in PIM-R medium. A, Oxygen consumption rate (OCR) analysis of isolated human islets. Basal OCR was temperature-dependent, as well as O 2 -dependent. (*P < 0.05 by Student's t-test. n = 10/group, data from 5 islet isolation batches). B, DO analysis of culture medium for isolated human islets. DO was inversely correlated with culture temperature (12°C > 22°C > 37°C, *P < 0.05 compared with 37°C-21% and †P < 0.05 compared with 37°C-50% by Student's t-test), and was increased by hyperoxic culture (50% O 2 > 21% O 2 , ‡P < 0.05 compared with 21% in each temperature.) n = 12/group, data from 4 islet isolation batches. C, Simulation of O 2 distribution for indicated islet sizes under various culture conditions. OCR and DO calculated in panels A and B were used for the simulation. Hypoxia in the islet core was limited under 12°C-50% O 2 culture conditions. D, Islet structure was observed over 2 weeks in culture; representative images are shown. Islets cultured at 12°C and 22°C showed better structural maintenance compared to islets cultured at 37°C. Oxygenation (50% O 2 ) resulted in less islet aggregation than 21% O 2 . Scale bar: 1 mm. E, The change in volume over time was calculated for the islets depicted in panel D. Volume analysis revealed beneficial effects of oxygenation and lower temperature. Culture conditions of 12°C-50% O 2 maintained the highest islet volume by week 2 (*P < 0.05 by Student's t-test, compared to 21% O 2 in each temperature condition). n = 18/group, data from 6 islet isolation batches. FIGURE 2. Islets cultured long-term under 12°C-50% O 2 conditions in PIM-R medium (LT) maintained viability and function comparable to noncultured islets (CTL) in vitro and after in vivo transplantation. A, Representative viability assay. Scale bar: 500 μm. B, Quantification of images depicted in panel A. There was no significant difference in overall viability between CTL and LT islets (Wilcoxon test.) n = 5/group, data from 5 islet isolation batches. C-D, Insulin-secreting function was assessed using GSIS and the stimulation index was the ratio of insulin secretion in high glucose to that in low glucose. There were no significant differences in stimulation index between CTL and LT islets (Wilcoxon test.) n = 6/group, data from 6 islet isolation batches. E, Blood glucose changes were measured after transplantation of islets (1200 IEQ into the kidney capsule of streptozotocin-induced NOD-SCID mice. Percentage of diabetes reversal (200 mg/dl for >10 days) was 75.0% (6/8) for mice transplanted with CTL islets and 75.0% (6/8) with LT islets. Each line on the graph represents data for an individual mouse, and the lines in same color indicate islets from the same donor. Asterisks indicate nonreversed mice. F, Diabetes reversal rates after transplantation were calculated using data shown in panel E. The cumulative diabetes reversal curves were not significantly different for mice implanted with CTL or LT islets (log-rank test). G, Representative histology sections after transplantation. Overview shows the islet graft under the kidney capsule (arrowheads). Hematoxylin and eosin staining showed minimal inflammatory change and M-T staining showed fibrous tissue proliferation inside the graft in both CTL and LT grafts. Distributions of beta, alpha, and endothelial cells were demonstrated as the essential components in the islet graft using IHC for insulin, glucagon, and vWF, respectively. Scale bar: 500 μm for overview and 100 μm for other panels. H Quantification of area analyses in the IHC sections depicted in panel G (insulin-positive, glucagon-positive, and vWF-positive cells/transplant area). Area ratios of the beta, alpha, and endothelial cells to the transplant area were similar in both CTL and LT islets (CTL, n = 8 mice; LT, n = 8 mice; Student's t-test). Boxplots demonstrate data distribution, interquartile range, and median. Red circles: data from mice with diabetes reversal; black crosses: data from mice that failed to reverse diabetes.
CMRL 1066, used for clinical islet transplantation. We compared islet structure, viability, and function of islets cultured for 2 weeks at 12°C-50% O 2 to those of noncultured islets. The structure of the islets was well-maintained without aggregation ( Figure 3A) . Islet volume was maintained at 89.1% after 2 weeks (Figure 3B ), comparable to islets cultured in PIM-R. Viability assays demonstrated no significant differences between noncultured and long-term cultured islets ( Figure 3C and D) . Insulin secretion measured by GSIS resulted in similar stimulation indices in noncultured and long-term cultured islets. After in vivo islet transplantation, we measured reversal rates of 80.0% (8/10) in noncultured islets and 77.8% (7/9) in long-term cultured islets ( Figure 3F ). Cumulative diabetes reversal curves showed no significant differences in days to diabetes reversal between groups (P = 0.860; Figure 3G ). These results indicated that our long-term culture method was effective in a clinically relevant culture medium.
DISCUSSION
In this study, we demonstrated that human islets were wellmaintained for 2 weeks in culture at a moderately low temperature (12°C) and under hyperoxic conditions (50% O 2 ) in standard culture medium. The method was designed to (1) use standard culture media (extracellular-like instead of intracellular-like) to alleviate microenvironmental change, and (2) supply sufficient O 2 to prevent cell damage. This extended culture has great potential to improve clinical islet transplantation by allowing islet preparations to be collected and maintained over time, whether to achieve an effective islet mass or to enable delayed transplantation.
Our method should be referred to as long-term islet "culture," rather than islet "storage" or "preservation," as we achieved it using standard culture media within a temperature range in which intracellular electrolyte balance was maintained. K + is a predominant intracellular ion regulated by transporters, including Na + /K + -ATPase and selective K + FIGURE 3. Validation of long-term culture method in clinical transplant culture medium (CMRL 1066). Our long-term culture method (12°C-50% O 2 ) was applied to human islet culture using CMRL 1066 to generalize the results obtained in PIM-R culture medium. Long-term cultured islets for 2 weeks under 12°C-50% O 2 conditions (LT) were compared with noncultured islets (CTL). A, Representative macroscopic islet. Islet structure was well maintained without aggregation. Scale bar: 1 mm. B, Change in islet volume over time was calculated for islets depicted in panel A Islet volume analysis showed 87.5% volume maintenance at week 2, which is comparable to results using PIM-R culture medium ( Figure 1E ). n = 20/group, data from 4 islet isolation batches. C, Representative images of viability assay. Scale bar: 200 μm. D, Quantification of images depicted in panel C. There was no significant difference in overall viability between CTL and LT islets (Wilcoxon test.) n = 4/group, data from 4 islet isolation batches. E, Glucose-stimulated insulin secretion (GSIS) was assessed according to the stimulation index. Insulin-secreting function was similar in CTL and LT islets (Wilcoxon test. n = 4/group, data from 4 islet isolation batches.) F, Blood glucose changes were measured after transplantation of islets (1200 IEQ) into the kidney capsule of streptozotocin-induced NOD-SCID mice. Reversal rate was 80.0% (8/10) for mice transplanted with CTL islets and 77.8% (7/9) with LT islets. Each line on the graph shows data for an individual mouse, and the lines in same color indicate the islets from a same donor. Asterisks indicate nonreversed mice (islet transplantations were performed using 5 different islet isolations). G, Diabetes reversal rate after transplantation was calculated using data shown in panel F. Cumulative diabetes reversal curves were not significantly different for mice transplanted with CTL or LT islets (CTL, n = 10 mice; LT, n = 9 mice; log-rank test). channels, which are sensitive to cell volume changes and are crucial for cell survival. 24, 25 Intracellular K + was not maintained in extracellular-like culture medium at 4°C, and cells exhibited pathological swelling. This pathological swelling is the reason that intracellular-like solutions, such as the University of Wisconsin (UW) cold storage solution, are used at low temperatures. A previous study reported that shortterm islet preservation at 4°C in UW solution was superior to standard culture conditions at 22°C and 37°C; the relative volumes of human islets after 48 hours preservation at 4°C in UW solution and at 37°C in CMRL-based extracellular-like culture medium were 95% and 75%, respectively. 26 However, after the initial 48-hour preservation period, islets from both groups were cultured in standard media for 24 hours at 37°C, and their volume decreased drastically, which suggests cell damage due to environmental changes. In the current study, we showed that maintenance at 12°C for long-term islet culture using extracellular-like culture medium throughout the entire process minimizes such environmental change. Our identification of 12°C as optimal for islet culture is consistent with the temperature-dependent function of Na + /K + -ATPase channels in red blood cells, which demonstrate malfunction below 10°C. 27 We hypothesized that increased oxygenation would prevent islet loss during culture by preventing hypoxic islet cores. Recently, the dynamics of O 2 depletion in islet structures, which correlates with the occurrence of central necrosis, 11 have been elucidated by in silico computational simulations. 16, 17, 28 Although islets are too small to permit the direct measurement of O 2 , and hypoxic markers, such as Hypoxyprobe or HIF1-alpha, cannot be used to quantitatively measure O 2 levels, [29] [30] [31] [32] computational simulation enables estimation of detailed O 2 gradient patterns within islets. We simulated various temperature and O 2 conditions and found that passive oxygenation in a hyperoxic environment and lowering the temperature to suppress O 2 consumption of the islet cells reduced the islet O 2 gradient; 12°C-50% O 2 conditions supported uniform O 2 distribution inside the islets. In general, O 2 availability is closely related to adenosine triphosphate (ATP) production in islet cells, because ATP is efficiently generated through the aerobic metabolism pathway. In fact, oxygenation is used to effectively maintain intracellular ATP levels in cold preserved organs, [33] [34] [35] [36] as ATP depletion is regarded as the major cause of cell death during organ storage. 10, 37, 38 Therefore, we believe the ATP-rich microenvironment maintained by 50% O 2 oxygenation improves islet survival. Such an ATP-rich microenvironment may also contribute to maintaining ATP-dependent Na + /K + -ATPase channel function to support cell homeostasis, including cell volume maintenance. In this context, the addition of exogenous ATP may be a viable treatment to prolong islet culture under normal (21%) oxygenation conditions. 39, 40 However, long-term culture may be promoted by additional, ATP-independent benefits of oxygenation, such as the downregulation of inflammatory genes to prevent islet damaged, which may be lacking from exogenous ATP treatment alone. In fact, oxygenation downregulates inflammatory genes in rat and human islets, 3, 20 potentially preventing islet damage. Reduction of cell swelling, hypoxia, and ATP depletion are not the sole means by which low temperature and oxygenation prevent islet death during long-term culture. Low temperatures can also suppress protease function, 41 and thus may stall islet degradation. Proteases facilitate islet degradation, and the addition of protease inhibitors maintained islet mass, intra-islet insulin levels, and islet function in porcine and human islets. 42, 43 The ability of serine protease inhibitors to suppress endogenous proteinase activity in human islets was tested, and their inhibitory effects varied depending on their combinations and concentrations. 44 Therefore, these protease inhibitors may be a potential option to maintain long-term islet culture at higher temperatures, however, the choice and concentration of inhibitors must be optimized for this purpose.
Under the current prevailing human islet culture practices, isolated islets are cultured at 37°C for a short period (<72 hours) followed by 22°C culture before transplantation. 45 During the 37°C culture period, the amount of pancreatic enzymes released into the culture media by acinar cells increases on the first day of culture but then rapidly decreases, indicating the functional suppression or death of acinar cells. 46 In the current study, islets were obtained for experimentation after culture at 37°C at least overnight. Therefore, the islets used in the current experiments perhaps contained fewer active acinar cells than islets obtained immediately after isolation. In this regard, the short-term culture at 37°C before the longterm 12°C culture may be preferable to the direct transition of freshly isolated islets to low temperature culture after isolation.
Another prevalent practice in human islet culture is to separate islets by purity to optimize culture conditions. The islets in this study had an average purity of 78.6%. For low-purity islet fractions, which are contaminated with a higher number of acinar cells, the short recovery period at 37°C may not be sufficient to eliminate the contaminating acinar cells. In such a case, we expect that our method of low temperature culture would be advantageous to further suppress the release of pancreatic enzymes. Therefore, although our conditions may not be optimized for low-purity fractions, we expect similar benefits of our 12°C-50% O 2 conditions. Our method has important implications for clinical islet transplantation. Namely, low-yield islet isolations from several donors can be combined to generate sufficient numbers to achieve successful islet transplantation and insulin independence. 47, 48 Furthermore, islet transplantation is occasionally performed simultaneously with kidney transplantation to treat renal failure caused by diabetic glucotoxicity. However, the kidney transplantation induces intense immune responses and cytokine storms, leading to adverse effects on simultaneously transplanted islets. 49 This adverse response can be avoided by delaying islet transplantation until the initial immune response to the kidney transplantation has subsided. Islet cryopreservation can extend the storage period to enable delayed transplantation, but islet recovery is limited to 40% to 60% after thawing by the conventional method. [3] [4] [5] Several methods have been introduced to improve the islet recovery, such as p38 MAPK inhibition and oxygenated thawing 3, 21 ; however, posttransplant islet function examined in vivo showed delayed diabetes reversal, suggesting the damaged functionality of cryopreserved islets. We expect that modulating the temperature and O 2 concentration will enable long-term culture to overcome these barriers to expand clinical applications and islet transplantation options.
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